rent experimental models of esophageal epithelium in vitro suffer from either poor differentiation or complicated culture systems. We have established a model to study stratified squamous epithelium in vitro, which is very similar to esophageal epithelium in vivo. A stratified squamous multilayer epithelium was formed by seeding primary normal human bronchial epithelial (NHBE) cells onto collagen-and fibronectin-coated trans-well inserts and then cultivating the cells under air-liquid interface (ALI) conditions in the presence of growth factors and low levels of all-trans-retinoic acid. Trans-epithelial electrical resistance (TEER) measurements revealed the presence of a tight barrier, previously only achievable with esophageal biopsies mounted in Ussing chambers. Molecular markers for desmosomes, cornified envelope, tight junctions, and mature esophageal epithelium were upregulated in the differentiating culture in parallel with functional properties, such as decreased permeability and acid resistance and restoration. Acid exposure resulted in a decrease in TEER, but following 1-h recovery the TEER values were fully restored. Treatment with all-trans-retinoic acid decreased TEER and inhibited the recovery after acid challenge. PPAR-delta agonist treatment increased TEER, and this temporary increase in TEER was consistent with an increase in involucrin mRNA. Global gene expression analysis showed that ALI-differentiated NHBE cells had expression profiles more similar to epithelial biopsies from the esophageal tissue of healthy volunteers than to any other cell line. With respect to morphology, molecular markers, barrier properties, and acid resistance, this model presents a new way to investigate barrier properties and the possible effects of different agents on human esophagus-like epithelium. esophageal epithelium; acid; barrier function; air-liquid interface ONE OF THE PRIMARY FUNCTIONS of the esophageal epithelium is to protect the underlying tissue against mechanical and chemical insult. The epithelium of the distal esophagus also needs to withstand reflux from the stomach, which contains acid, bile, and proteases. Failure of the epithelium to protect the underlying tissue from these attacks results in erosion, esophagitis, and painful symptoms. The esophagus is covered by a nonkeratinized stratified squamous epithelium. The keratinocytes in a non-keratinized squamous epithelium can be assigned to three layers with distinct features, namely the basal, intermediate, and superficial layers (1), of which the epithelial barrier properties reside in the upper intermediate and superficial layers.
properties reside in the upper intermediate and superficial layers.
Different cell lines and primary cells are available to use as esophageal epithelial cell models. Het-1A, an immortalized normal human esophageal cell line (28) , grows as a monolayer. Kyse-140 and Kyse-510 are esophageal carcinoma cell lines that also grow as monolayers. The TR146 cell line originates from human buccal epithelium (24) and has been shown to form a stratified epithelium (four to seven cell layers) and have transepithelial electrical resistance (TEER) values of 60 -270 ⍀ cm 2 (19) . Since buccal epithelium is very similar to esophageal epithelium, a buccal cell line can be a useful model (27) . Primary esophageal keratinocytes, co-cultured on 3T3 fibroblasts, stratify in a limited way (maximum of three layers) without an electrically resistant tight barrier (6) .
An in vitro, cell-based model should closely resemble the human esophageal epithelium. Ideally, the cells should form a stratified multilayer of squamous phenotype and show barrier function such as electrical resistance and low permeability. To assess the presence of adherence junctions contributing to the barrier function, TEER should be affected by Ca 2ϩ depletion (29) and the cells should express junction proteins. The esophageal epithelium is considered electrically tight (TEER values of 1,000 -1,200 ⍀·cm 2 ) (22) , and the luminal cell surfaces are very resistant to acid, one of the major factors in gastroesophageal reflux disease (20) . Hence, a cell model with the above properties would be useful for in vitro evaluation of in vivo events, such as acid exposure. Although no such cell model is currently available, primary rabbit tracheal epithelial (RbTE) cells undergo squamous differentiation in vitro and express several markers for squamous differentiation (12, 18) . In the present study, we present a human in vitro model fulfilling the above criteria. We show that air-liquid interface (ALI)-cultured normal human bronchial epithelial (NHBE) cells with low levels of all-trans-retinoic acid (ATRA) form multiple cell layers that entail both morphologies, expression of specific markers, epithelial barrier properties, and functionality previously seen only in vivo or in biopsied material from esophageal tissue mounted in Ussing chambers.
MATERIALS AND METHODS
Cell culture. NHBE cells were purchased from Lonza Walkersville, (Walkersville, MD). Transwell-Clear wells (Costar, Cambridge, MA) were coated with collagen, human fibronectin, and BSA. The cells were seeded and cultured until confluent. ALI culture, which has previously been shown to induce multilayering and differentiation of squamous epithelial cells (4) , was introduced by removing the apical medium and withdrawing medium from the basolateral side to the level of the epithelial cells and then switching to ALI medium, which consists of BEGM and DMEM (1:1) with ATRA (0.3 nM). Any medium that leaked through to the apical side was removed.
Kyse510 and Kyse140 cells were grown in RPMI1640 media (GIBCO, Rockville, MD) containing 9% fetal bovine serum. Alternatively, they were cultured under serum-free conditions (23) in modified MCDB153 medium (Sigma-Aldrich, Irvine, UK), and then ALI culture was introduced. In some experiments, the RPMI1640 was modified to contain 1.5 mM calcium instead of the normal 0.15 mM to enhance cell differentiation (10) . The cornea cell line HCE-T and the buccal cell line TR146 were purchased from Skinethic tissue culture laboratories (Nice, France).
Reagents and antibodies. Rabbit anti-claudin-1, -claudin-7, -JAM-A, -tricellulin, -occludin, and -ZO-1, mouse anti-claudin-4, and Alexa 488-conjugated anti-mouse IgG antibodies were purchased from Invitrogen (Carlsbad, CA). Biotinylated donkey-anti-rabbit, anti-mouse, and anti-goat antibodies, and Cy3-conjugated goat anti-rabbit IgG antibody were purchased from Jackson ImmunoResearch Laboratories (West Grove, PA). Anti-cytokeratin-4 (CK4) and anti-cytokeratin-13 (CK13) were obtained from Novacastra (Newcastle upon Tyne, UK). Mouse anti-human Ki67 was purchased from DakoCytomation (Carpinteria, CA). Goat-anti-desmoglein-1 (DSG-1) was obtained from R&D Systems (Minneapolis, MN).
Measurement of trans-epithelial electrical resistance. The resistance across the stratified epithelium was measured using MILLICELL-ERS (Millipore, Bedford, MA) with "chopstick" electrodes according to a previously described method (21) . Acid (pH 1) or control medium was added in the upper compartment in the acid exposure experiments. After acid exposure, the apical media was changed back to normal BEGM, and trans-epithelial electrical resistance (TEER) values were recorded following a 1-h recovery period. Each experiment was performed in quadruplicate.
In some experiments, the cells were treated with DMSO (0.1%, control), ATRA (0.1 M in DMSO), or peroxisome proliferatoractivated receptor (PPAR) ␦-agonist (1 M GW501516 in DMSO). The different treatments were added to the ALI media (on the basolateral side) during NHBE cell differentiation.
Epithelial solute permeability. Epithelial permeability was measured in response to the treatments using fluorescein-5-(and-6-)-sulfonic acid (FSA) (Mr 478 Da, Invitrogen) as a permeable tracer that passes across the stratified epithelial layers. FSA permeability was measured as previously described (9) . As a control experiment, cells were treated with 1 mM EGTA [ethylene glycol-bis (2-aminoethylether)-N,N,N=,N=-tetraacetic acid] in Ca 2ϩ -free Hank's buffered salt solution (HBSS) on the apical and basolateral sides during the flux experiment (Ca 2ϩ switch) (31) . Immunohistochemical staining of cytokeratin and junctional proteins. Human normal esophageal tissue was resected during surgery from patients with esophageal cancer. All subjects gave written, informed consent as required by our ethics committee. The NHBE cells were cultured under ALI conditions. Samples were fixed with 10% formalin solution, embedded in paraffin, and stained with hematoxylin and eosin (HE). Antigen retrieval was performed by microwave heating in 10 mM citrate buffer (Dako, Glostrup, Denmark). Before incubation with the primary antibodies, endogenous peroxidase was blocked with 3% H2O2 (Merck, Darmstadt, Germany), and normal donkey serum (Jackson ImmunoResearch Laboratories) was used to minimize nonspecific Ig binding. Incubations with primary antibodies were performed overnight at room temperature in a humid Fig. 1 . Air-liquid interface (ALI) cell culture of normal human bronchial epithelial (NHBE) cells. A: hematoxylin and eosin (HE) staining was performed using the ALI-cultured cells. The NHBE cells gradually grew into stratified squamous epithelial cells on the membrane after 5-10 days of ALI. Bar ϭ 50 m. B: the trans-epithelial electrical resistance (TEER) of the cells gradually increased and was markedly increased between days 5 and 7 (n ϭ 4). The TEER reached a plateau after day 14 of ALI culture. C: the paracellular permeability of FSA on day 10 was significantly lower than that on day 3 under ALI conditions (n ϭ 4). Data are means Ϯ SE. **Signficant difference vs. day 3 (P Ͻ 0.01).
chamber followed by incubation with biotinylated secondary antibody diluted 1:1,000. Peroxidase-conjugated avidin-biotin complex solution (Vector Laboratories, Burlingame, CA) was used to amplify the staining signal. Staining was developed using 3-amino-9-ethylcarbazole (AEC) (Dako). Nuclei were counterstained with hematoxylin. To examine the expression pattern of tight-junction proteins, appropriate primary and fluorescence-conjugated secondary antibodies were used. The specificity of the reaction was tested by incubation with HBSS, non-immune rabbit serum, or mouse IgG1 (Dako). Slides were viewed using a light microscope (Olympus Provis AX70, Tokyo, Japan) or in a fluorescence microscope (Olympus).
Western blot analysis. Total protein was obtained under reducing conditions. Protein concentrations were measured using a protein assay kit (Bio-Rad Laboratories, Hercules, CA).
Equal quantities of protein were separated by electrophoresis on 12.5% SDS-PAGE gels. The proteins were transferred to nitrocellulose membranes (Amersham Life Science, Arlington Heights, IL) and blocked, and then the membranes were incubated with the appropriate primary antibody. The membranes were washed, exposed to horseradish peroxidase-labeled goat anti-rabbit IgG or anti-mouse IgG antibody (Cell Signaling Technology, Danvers, MA), and then treated with Western blotting detection reagent (ECL Plus; GE Healthcare). All experiments were performed in triplicate.
mRNA analysis. Cells were lysed using Trizol (Invitrogen), and total RNA was isolated. Contaminating DNA was cleared using the DNA-free kit (Ambion, Austin, TX), and cDNA was synthesized using the iScript cDNA synthesis kit (Bio-Rad Laboratories). TaqMan assays of CK4, involucrin, DSG-1, and cornifin were purchased from Applied Biosystems (Foster City, CA).
Global gene expression analysis. For global gene expression analysis, Affymetrix Genechip Human Genome U133 and Human Genome U133 Plus 2.0 arrays were used. To compare results between different types of arrays, identical samples of Kyse140 and Kyse510 were run on both array types, and expression ratios for each individual probe set were generated and used as transformation factors to be applied to the Hu133 data before clustering. First-strand cDNA synthesis was performed using the SuperScript Choice System for cDNA synthesis (Invitrogen). After the second strand synthesis, in vitro transcription was performed using the IVT Labeling Kit (Affymetrix, Santa Clara, CA). In vitro transcription reactions were cleaned according to the RNA Clean Up protocol in the RNeasy mini kit (Qiagen, Hilden, Germany). The quality of the cRNA was analyzed using a 2100 Bioanalyzer (Agilent Technologies), and the cRNA concentration was measured on a NanoDrop Spectrophotometer (Saveen Werner, Limhamn, Sweden).
Fragmentation of cRNA using 20.5 g for each hybridization was performed at 94°C for 35 min. An aliquot of 0.5 g was analyzed on a 2100 Bioanalyzer for fragmentation efficiency. The remaining 20 g of cRNA were hybridized to the Affymetrix Human Genome U133 and U133 Plus 2.0 Arrays. The gene expression levels were determined using a modified version of the RMA algorithm (11) , and normalization between arrays was performed using the algorithm described by Astrand (2) . Hierarchical clustering was performed in Spotfire software using an unweighted average and Euclidean distance as the similarity measure.
RNA from biopsies of healthy volunteers was obtained from a study that was approved by an independent institutional review board/research ethics committee. All subjects provided written, informed consent.
Statistical analysis. Measured values are shown as means Ϯ SE. Statistical analysis was performed using the Student's t-test for two independent groups or one-way ANOVA followed by Fisher's protected least significant difference test or Scheffés F test for multiple comparisons. Significance was accepted at P Ͻ 0.05.
RESULTS

ALI cell culture of NHBE.
Under ALI culture using low levels of ATRA, the morphology of the NHBE cells gradually changed to that of stratified squamous epithelial cells instead of developing into bronchial pseudostratified epithelium. The cells were in stratified multiple layers after 5, 7, and 10 days of ALI culture (Fig. 1A) . The cell layers ranged from rounded (Fig. 1B) . The TEER reached a plateau after day 14 of ALI culture. The paracellular permeability of FSA on day 10 was significantly lower than that on day 3 under ALI culture (Fig. 1C) . In another experiment, the cells were treated with EGTA to check for the presence of adherence junctions. Increased flux of FSA as a result of EGTA treatment was detected both at day 5 and at day 10, suggesting an in vitro culture with adherence junctions forming a functional tissue rather than cells stacked up on each other (Fig. 2) .
Expression of markers on stratified squamous epithelial cells. Immunohistochemical staining performed on cells after 13 days of ALI culture showed labeling of different regions of the epithelium (Fig. 3) . The proliferation marker Ki67 labeled the nuclei of basal cells, whereas DSG-1 labeled the suprabasal and intermediate layers. One marker for non-keratinized squamous epithelial CK4 was detected in the intermediate and superficial layers of the differentiated NHBE cells in both membrane and cytoplasmic compartments (Fig. 3) . Both CK4 and CK13 were present in the 7-day ALI culture of NHBE cells despite their bronchial origin (Fig. 3D) .
Tight-junction protein expression in ALI cells. All of claudin-1, claudin-4, claudin-7, JAM-A, occludin, and tricellulin was the same as that in the human esophageal epithelial cells. Claudin-1, claudin-4, claudin-7, JAM-A, tricellulin, and occludin were expressed in both ALI day 10 cells and human esophageal epithelial cells. B: claudin-1, claudin-4, claudin-7, occludin, ZO-1, and JAM-A were detected at junctions in human esophagus where the pattern was quite similar to that of the NHBE cells cultured under ALI conditions. Under ALI conditions, claudin-1 was predominantly stained at the lower third layer. Occludin, claudin-4, claudin-7, JAM-A, and ZO-1 were detected as dots or whisker-like lines in the upper third layer and co-localized at the junctions of cell layers (arrowhead). Claudin-4 and JAM-A were also detected over a relatively broad cell surface area in the lower third layer (arrow). Yellow bar ϭ 100 m; white bar ϭ 50 m.
were detected in both ALI cells and human esophageal squamous epithelial cells by Western blotting (Fig. 4A) . The tightjunction protein expression pattern in stratified epithelial cells in the ALI condition (day 10) was quite similar to that of human esophageal epithelial cells.
Claudin-1, occludin, claudin-4, ZO-1, claudin-7, and JAM-A were detected at the junctions both under ALI conditions and in human esophageal tissue. Claudin-1 was predominantly detected at the cell-cell contact in the suprabasal and intermediate layers in a continuous linear pattern but not in the basal cell layer and only faintly in the superficial layer (Fig. 4B ) both in human esophagus and in the ALI-cultured NHBE cells. Occludin and claudin-7 were detected in the superficial and intermediate layers as dots and whisker-like lines but not in the suprabasal and basal cell layers. Claudin-4, JAM-A, and ZO-1 were detected as dots and whisker-like lines and co-localized at the junctions of the superficial layers (Fig. 4B) . Claudin-4 and JAM-A were also detected on the relatively broad cell surface in the basal and suprabasal cell layers.
Global gene expression analysis of NHBE cells. Different cell lines known to form multilayers of esophageal, corneal, and buccal origin were included in the global gene expression analysis together with ALI-cultured NHBE cells at days 0 and 9 and the average expression of esophageal biopsies from nine human healthy volunteers. Hierarchical clustering analysis showed that normal esophageal tissue from healthy volunteers was more similar to differentiated NHBE cells (9 days) than to any other cell line tested (Fig. 5) . Microarray data are available in the ArrayExpress database (http://www.ebi.ac.uk/arrayexpress/) under accession number E-MEXP-2795.
mRNA expression. The non-keratinized stratified epithelial specific differentiation marker CK4 increased from day 5, reaching its maximum value at day 10, whereas DSG-1 increased from day 3, reaching its maximum value at day 10, whereas the expression of the cornified envelope components cornifin (SPRR1B) and involucrin increased from day 3, reaching their peaks at day 7 (Fig. 6) .
Functional characterization of differentiated NHBE cells. Fully differentiated NHBE cells (10 days of ALI culture) were exposed to acidified media on the apical side for 0 -60 min. No effect on TEER values was found when medium of pH down to 2 was used (data not shown). When the cells were exposed to medium of pH 1, a time-dependent decrease in TEER was detected (Fig. 7) . After the acid exposure, the cells were allowed to recover at pH 7.4 for 60 min. Cultured cells that were exposed to pH 1 for 5 or 15 min completely recovered their TEER values during this time, whereas cultures that were exposed to acid for 30 min or more were incapable of a complete recovery (Fig. 7) .
Effect of ATRA treatment. Treatment with 100 nM ATRA was initiated at different time points during ALI culture. When treatment was started at day 7 (resulting in 3 days of ATRA treatment) or day 8.5 (1.5 days of treatment) of ALI culture, TEER values were significantly lower compared with the control cells, which were treated with 100 nM ATRA at 2.5 h before day 10 of ALI culture (Fig. 8A) .
Cells treated with 100 nM ATRA ALI on days 7 (3-day treatment), 8.5 (1.5-day treatment), and 10 (2.5 h of treatment) were exposed to pH 1 for 15 min on day 10 of ALI culture followed by a 1-h recovery at pH 7.4. The TEER response of the ATRA-treated ALI cells to acid exposure was the same as that of the control cells, whereas the ability of the ATRAtreated ALI cells (3-or 1.5-day treatment) to recover after 1 h at pH 7.4 was significantly affected (Fig. 8B) .
Effect of the PPAR␦ agonist. Studies of skin have revealed that PPARs are regulators of keratinocyte proliferation and differentiation and may also play a role in inflammatory states of the skin (15) . The PPAR␦ agonist GW501516 has prodifferentiating effects and improves barrier homeostasis in keratinocytes (26) . We used GW501516 to investigate the possibility of regulating NHBE differentiation and affecting barrier function. We found that BEGM medium supplemented with 1 M GW501516 added to the basolateral side of ALIcultured NHBE cells increased TEER after 2 days of treatment compared with control cells (Fig. 9A) . Two days of GW501516 treatment significantly increased involucrin mRNA but had no effect on CK4 mRNA (Fig. 9B) . ATRA treatment (100 nM) for 2 days abolished this increase in TEER (Fig. 9A) and reduced the expression of involucrin mRNA (Fig. 9B) .
DISCUSSION
We have shown that NHBE cells cultured under ALI conditions in the presence of a low concentration of ATRA in the medium form a multilayered stratified squamous epithelium. Expression of proliferation markers in the basal layers, junction markers, and specific markers for non-keratinized stratified differentiation and cornified envelope in the outer layers was evident after 6 -8 days of ALI culturing. Under these conditions, the NHBE cells gradually developed a highly resistant epithelium that was able to withstand an acidic medium of pH 1 for up to 15 min without any permanent damage. Although the NHBE cell stems are from bronchial epithelium, they can differentiate into stratified epithelial layers and express cytokeratins and tight-junction proteins similar to esophageal epithelium in vivo. Global gene expression analysis showed that differentiated NHBE cells under these culture conditions have an expression profile more similar to normal human esophageal epithelium than to the profiles of any of the other esophageal cell lines tested. Functional tests of the cell model revealed that the NHBE cells formed tight barriers comparable to those of biopsied esophageal tissue mounted in Ussing chambers (29, 30) . The trachea and esophagus originate from the foregut endoderm during early embryonic development. Tracheobronchial epithelium can be transformed into a stratified epithelium such as esophageal epithelial cells (13) . Our data also indicate that NHBE cells have the capacity to differentiate into non-keratinized stratified epithelium. Therefore, this system can be used as a representative in vitro system of esophageal like non-keratinized stratified squamous epithelium to assess the function and expression of TJ proteins.
Unlike columnar epithelium, where each cell expresses the same TJ proteins, the cells in the different layers of the stratified esophagus express only selected types of TJ proteins and in different patterns between the layers. Both in human esophageal biopsies and ALI cells, claudin-4 was detected as dots or whisker-like lines in the intermediate layers and was also detected in the suprabasal layers in a relatively broad shape, which differs from a previous report that showed claudin-4 staining in the cytoplasm of cells in the basal layer and Fig. 8 . Effect of all-trans-retinoic acid (ATRA) treatment on differentiation of NHBE cells. A: treatment with ATRA (RA) was started at 3 days (i.e., on day 7), 1.5 days (on day 8.5), or 2.5 h before day 10 of ALI culture. The 3-and 1.5-day ATRA treatment significantly lowered the TEER compared with the control. The 2.5-h treatment did not have any effect on the TEER on day 10 (n ϭ 6). B: ATRA-pretreated cells were exposed to acid (pH 1) for 15 min on day 10 of ALI culture. The degree of TEER recovery after 15 min of acid exposure and 1 h at pH 7.4 was inversely correlated to the length of ATRA pretreatment (n ϭ 6). Data are means Ϯ SE. **Significant difference vs. control (P Ͻ 0.01). Although the change in the distribution pattern of TJ proteins in the layers may be related to the barrier function of esophageal epithelial cell layers, we were unable to detect any short-term differences in the expression patterns of TJ proteins when the TEER or permeability was influenced by chemicals (data not shown). In the future, we plan to perform immunoelectron microscopy of claudins or occludin to determine the exact localization of TJ strands and the localization of each TJ protein in esophageal epithelial cell layers.
ATRA undergoes an enterohepatic recirculation in bile and is present as active glucuronide metabolites in significant concentrations in the duodenal lumen (5). ATRA promotes expression of an intestinal phenotype in gastrointestinal epithelial cells (3, 7) and is known to suppress squamous differentiation in epidermal keratinocyte (16) . We speculate that retinoids recirculating in duodenal secretions and as a constituent of gastric refluxate into the esophagus may directly influence esophageal epithelial function and differentiation. In our model, we were able to demonstrate effects on TEER and downregulation of involucrin as a result of ATRA treatment, which, together with all the other functional and morphological similarities to esophageal epithelium, suggests that this model is suitable to study these processes.
We have also shown that improvement in the epithelial barrier can be studied using this model. The barrier function of the cell layer can be affected by chemical means (Ca 2ϩ -switch assays) and cell signaling pathways (PPAR␦ agonist, ATRA) in a reversible fashion. Treatment with PPAR␦ agonists has been reported to decrease proliferation and to stimulate the differentiation of wild-type mouse primary keratinocytes (14, 15) . PPAR␦ agonists are important for skin repair after an injury. The PPAR␦ agonist, GW501516, has been shown to have pro-differentiating effects and to improve barrier homeostasis in keratinocytes (26) . Here, we showed that GW501516 increased TEER and the mRNA of involucrin, suggesting that the addition of PPAR␦ can tighten the stratified epithelial cells and may promote the squamous cell barrier.
In conclusion, with respect to morphology, molecular markers, barrier properties, and acid resistance, ALI-cultured NHBE cells are a promising model of the human esophageal epithelium that presents a new way to investigate barrier properties and effects of different agents in vitro.
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